Abstract In this work, the production of 1,3-propanediol from glucose and molasses was studied in a two-step process using two recombinant microorganisms. The first step of the process is the conversion of glucose or other sugar into glycerol by the metabolic engineered Saccharomyces cerevisiae strain HC42 adapted to high (>200 g l −1
) glucose concentrations. The second step, carried out in the same bioreactor, was performed by the engineered strain Clostridium acetobutylicum DG1 (pSPD5) that converts glycerol to 1,3-propanediol. This two-step strategy led to a flexible process, resulting in a 1,3-propanediol production and yield that depended on the initial sugar concentration. Below 56.2 g l −1
of sugar concentration, cultivation on molasses or glucose showed no significant differences. However, at higher molasses concentrations, glycerol initially produced by yeast could not be totally converted into 1,3-propanediol by C. acetobutylicum and a lower 1,3-propanediol overall yield was observed. In our hand, the best results were obtained with an initial glucose concentration of 103 g l sugar, which is the highest value reported for a two-step process. For an initial sugar concentration (from molasses) of 56.2 g l −1
, 27.4 g l −1 of glycerol were produced, leading to 14.6 g l −1 of 1.3-propanediol and similar values of productivity, 0.15 g l −1 h
Introduction
The nowadays crisis of crude oil market and its correlative environmental problems toughens industrial biotechnology as an alternative to the chemical industries for production of petroleum-based chemicals. The state-of-the-art of white biotechnology offers the possibility of using renewable feedstocks for the production of synthons like 1,3-propanediol (1,3-PD). Due to its simple chemical structure, it can be used in a wide range of applications. One of the most relevant is the production of polyesters, namely polytrimethylene terephthalate (Biebl et al. 1999; González-Pajuelo et al. 2006 Rao et al. 2008) , but it can also be used in food, cosmetics, medicines (one of its derivatives can be used to reduce rejection of transplanted organs (Németh and Sevella 2008) ). Traditional production of 1,3-PD is based on chemical synthesis from petroleum derivatives compounds, which requires expensive production processes and yields toxic intermediates, like acrolein. In contrast, 1,3-PD can be produced by fermentation of relatively low-cost renewable carbon sources, and this process, though maybe more expensive than the chemical process, provides radical solutions to environmental pollution and petroleum depletion. The microbiologically produced 1,3-PD has properties superior to chemically synthesized 1,3-PD, such as a lower amount of impurities (Kurian 2005) . In addition, the polyesters based on the biological 1,3-PD are fully biodegradable. One of the big challenges of the white biotechnology is to find cheap processes and renewable resources to reduce the overall cost of final products, turning them highly competitive to chemical-based products. A natural pathway for the production of 1,3-PD is from glycerol which takes place in a few bacteria species (e.g., Clostridium butyricum, Clostridium pasteurianum, Citrobacter freundii, Klebsiella pneumoniae, Lactobacillus brevis, Lactobacillus buchneri, Bacillus welchii, and Enterobacter agglomerans) (Barbirato et al. 1995; Biebl et al. 1992 Biebl et al. , 1999 Boenigk et al. 1993; Dabrock et al. 1992; Daniel et al. 1995; Forsberg 1987; Homann et al. 1990; Schutz and Radler 1984) . With the expansion of biofuel production, glycerol, which represents a secondary product, may become an abundant and cheap source for the biological production of 1,3-PD. Papanikolaou et al. (2000) showed that equivalent growth characteristics were obtained for batch cultures of C. butyricum F2b on pure or raw glycerol, from the biodiesel production process. A 1,3-PD yield of around 0.55 g g −1 of glycerol was observed for batch and chemostat cultures on raw glycerol; 48 g l −1 of 1,3-PD were produced from 90 g l −1
of raw glycerol, at a dilution rate of 0.02 h −1 , and a volumetric productivity of 5.5 g l −1 h −1 was obtained for a dilution rate of 0.21 h −1 . In order to reach simultaneously high volumetric productivity and product concentration, a two-stage continuous fermentation may be used, where the first reactor operates with a high dilution rate to achieve a high productivity and a low dilution rate is applied to the second reactor to increase product concentration. This strategy led to a 1,3-PD production of 41-46 g l −1 by C. butyricum F2b, growing on raw glycerol, with an overall volumetric productivity of 3.4 g l −1 h −1 as the highest value (Papanikolaou et al. 2000 (Papanikolaou et al. , 2008 . González-Pajuelo et al. (2004) showed that C. butyricum VPI 3266 presented the same tolerance to raw and to commercial glycerol, when both had a similar grade (above 87% w/v); however, a 39% increase of growth inhibition was observed in the presence of 100 g l −1 of 65% (w/v) grade raw glycerol. C. acetobutylicum DG1 (pSPD5), an engineered strain able to produce 1,3-PD from glycerol, also exhibited similar fermentation patterns on commercial (87% w/v) and raw (65% w/v) glycerol (González-Pajuelo et al. 2005) . Hirschmann et al. (2005) reported a final 1,3-PD concentration of 87 g l −1 and a productivity of 2.2 g l −1 h −1 in fed-batch cultures of a wild-type Clostridium strain IK124 on treated raw glycerol. Economic production of 1,3-PD from raw glycerol may be possible with optimized operating conditions and novel technological strategies, but the main unknown cost factor is the strongly fluctuating glycerol market (Willke and Vorlop 2008) . Thus, facing the instability of the glycerol and petroleum market, the evaluation of alternative cheap sources for the biological production of 1,3-PD should be considered. Sugars are a desirable renewable carbon source, but no natural microorganism has been found that can directly convert sugars to 1,3-PD. Different approaches have been suggested as possible solutions to this issue. The first approach is to engineer the pathway for the conversion of sugars to 1,3-PD in a single organism (Biebl et al. 1999; Cameron et al. 1998 ). However, this strategy is not satisfactory since the production of 1,3-PD by metabolic engineered S. cerevisiae or K. pneumoniae was only 0.4 or 1.2 and 0.58 g l , respectively (Ma et al. 2009; Rao et al. 2008; Zheng et al. 2008) . Dupont and Genencor developed a glucose-based process using a recombinant Escherichia coli carrying the genes for the production of glycerol from S. cerevisiae and the genes for the production of 1,3-PD from K. pneumoniae. 1,3-PD was produced with a titter of 135 g l −1 (Nakamura and Whited 2003) ; however, this process is dependent on the addition of vitamin B12 inflating the cost of the production process. Other strategy is to use one microorganism to convert sugars to glycerol and another to convert glycerol to 1,3-PD. This can be achieved through a one-step process using mixed cultures, but microbial repression of 1,3-propanediol production by glucose appears not to be favorable and the use of genetically modified microorganisms to suppress the repression of 1,3-PD formation is needed (Biebl et al. 1999; Cameron et al. 1998) . A two-step process strategy represents a third approach that has been already tried either by a recombinant E. coli or by a yeast strain to produce glycerol in the first step and K. pneumoniae to convert glycerol into 1,3-PD in the second step (Cheng et al. 2006; Hartlep et al. 2002) . However, the 1,3-PD yield reached was not high (0.41-0.53 g g −1 of glycerol) and according to Hartlep et al. (2002) , the overall 1,3-PD yield from glucose in the two-step process was 0.17 g g −1 . In addition, K.
pneumoniae is known as a facultative pathogen which limits its application in industry.
In this work, we have considered a two-step process from glucose or sugar molasses using a yeast strain engineered for maximal glycerol yield, followed by the production of 1,3-propanediol using an engineered C. acetobutylicum strain. The process should be flexible and able to operate either on glycerol or on sugar feedstocks according to the market situation.
Materials and methods

Yeast and bacterial strains
To produce glycerol from glucose in the first step, the metabolically engineered S. cerevisiae strain HC42, described by Cordier et al. (2007) , was used. In this strain, originated from the wild-type auxotrophic strain of the diploid CEN.PK2 family (van Dijken et al. 2000) , the gene GPD1, encoding a NAD + -dependent glycerol 3-phosphate dehydrogenase, was overexpressed, as well as ALD3, encoding a cytosolic NAD + -dependent aldehyde dehydrogenase; to increase the availability of NADH, TPI1, encoding a triose phosphate isomerase was deleted; this genetic intervention was used to flow half of the glucose into the glycerol pathway; also, to increase the NADH available for glycerol production, ADH1, that encodes the major NAD + -dependent alcohol dehydrogenase, was deleted. Two other yeast strains, FH100 and FH200, resulting from the adaptation of HC42 to high glucose concentrations, were also used. The adaptation to high glucose concentrations was obtained by streaking the HC42 strain on yeast Malt (YM) broth (from Difco) supplemented with agar and different glucose concentrations (50, 100, and 200 g l ) and incubating for several days until appearance of isolated colonies. The colonies were randomly selected and then streaked again on plates with the same medium; this procedure was repeated several times. The adapted strain was able to grow in liquid medium with high glucose concentrations (100 and 200 g l −1 ).
In the second step of the process, the production of 1,3-PD from glycerol was carried out by the engineered strain C. acetobutylicum DG1 (pSPD5) described by González-Pajuelo et al. (2005) . This strain was obtained by introducing the pSPD5 plamid (Raynaud et al. 2003) , carrying the 1,3-propanediol operon genes from C. butyricum, in the mutant strain C. acetobutylicum DG1. The strain DG1, originated from the wild-type strain C. acetobutylicum ATCC 824, is unable to produce solvents and sporulate. As a result, C. acetobutylicum DG1 (pSPD5) can grow on glycerol as the sole carbon source, and the major product of this fermentation is 1,3-PD.
These organisms were stored in 20% (v/v) glycerol at −80°C and used to inoculate pre-cultures for experiments.
Fermentation conditions
S. cerevisiae fermentation
The inocula were prepared in a 1-l Erlen flask containing 0.5 l of synthetic defined medium (SD) prepared as follows (1 l of medium): yeast nitrogen base without amino acids and ammonium sulphate (YNB, Difco, Detroit, USA), 1.7 g; (NH 4 ) 2 SO 4 , 5 g; L-arginine, 0.02 g; threonine, 0.05 g, L-tryptophan, 0.04 g; L-isoleucine, 0.06 g; lysine, 0.04 g; methionine, 0.01 g; phenylalanine, 0.06 g; tyrosine, 0.05 g, adenine, 0.01 g; histidine, 0.01 g, uracil, 0.01 g; 2%, 10%, or 20% of glucose or sugar cane molasses were added to SD medium as carbon source. Molasses were obtained from a sugar company (Refinarias de Açúcar Reunidas, S.A.) in Porto, Portugal. The medium was inoculated at 8% (v/v), and after 24 h incubation in a rotary shaker, at 30°C and 150 rpm, yeast cells were harvested by centrifugation, resuspended in SD medium, and reinoculated into a 2-l bioreactor (Biostat MD, Braun, Melsungen, Germany), containing 1.5 l of SD medium, at an initial 0D 600 of 0.05-0.1 U. Silicon antifoaming agent (Merck) was used when needed at a concentration of 0.1 ml l −1 of culture. SD medium was completed with glucose (20 to 200 g l −1
) or with sugar cane molasses. Molasses contained around 50% (w/v) of total sugars (TS) (sucrose 82.7%, glucose 7.7%, fructose 5.9%, and raffinose 3.7%). Cultures were carried out at 30°C, at different pH values (4, 5.0, and 6.5), aeration rates (0.5, 1.0, and 1.5 vvm), and agitation speed (150 and 300 rpm). The pH was controlled by automatic addition of NaOH 1 M.
C. acetobutylicum fermentation
The second step of the process was carried out by C. acetobutylicum in the same bioreactor. Inocula of C. acetobutylicum (10% v/v inoculation with a stock culture) were grown in the synthetic liquid medium described by González-Pajuelo et al. (2005) with 4 g l −1 yeast extract.
The inoculation of the bioreactor was carried out at 10% (v/v) with a growing culture at the early exponential growth phase. To assure the anaerobic environment needed for bacterium growth, yeast broth was degassed by sparging sterile O 2 -free nitrogen for 8-10 h (1.5 vvm). Yeast cells were not removed from the culture broth. The gas outlet of the bioreactor was connected with a pyrogallol arrangement (Vasconcelos et al. 1994) , which trapped any oxygen entry. The initial culture pH was set at 6.5 by NH 4 OH 6 N addition. To reduce culture lag phase, no pH regulation and agitation were turned on until the culture reached the exponential growth phase. Only then, pH was maintained at 6.5 by automatic addition of NH 4 OH 6 N and stirred at 100 rpm. The temperature was set at 35°C, and the culture was continuously flushed with sterile O 2 -free nitrogen (0.1 vvm), to maintain anaerobiosis during the fermentation process. No additional supplements were added to the yeast broth resulting from the first step of the process.
Analytical procedures
Yeast cell concentration was measured by optical density at 600 nm (OD 600 ) and cell dry weight measurements. A correlation was established between both methods. For cultivations in molasses, the number of yeast cells, expressed as colony-forming units per milliliter, was determined using the plate count method, after incubation of the plates at 30°C for 48 h on rich medium containing 1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose, and 2% (w/v) agar. Substrates and fermentation end-product concentrations were determined by high performance liquid chromatography (HPLC), which included glucose, fructose, sucrose, raffinose, glycerol, succinate, acetate, acetoin, acetaldehyde, ethanol, glycerol, 1,3-PD, and butyrate. To this end, a sample of the fermentation broth was centrifuged, and the supernatant was filtered through 0.22 μm pore size nylon filters prior to perform the separation on a Bio-Rad Aminex column HPX-87H (300×7.8 mm; Richmond, California, USA). Operating conditions were as follows: mobile phase, 1 mM sulphuric acid; flow rate, 0.5 ml min ; temperature, 30°C; and the detection was achieved by refractive index. Glycerol concentration was also determined by an enzymatic analysis. The BoehringerMannheim enzymatic kit for glycerol analysis (Cat. No. 148 270) was used to confirm results from HPLC analysis and for lower concentrations, under the HPLC detection limit.
Results
S. cerevisiae HC42 adaptation to high glucose concentrations
In order to produce glycerol from high sugar concentrations by the genetically modified yeast strain HC42, cultivation on 100 g l −1 of glucose was performed. However, the strain was not able to grow on a media with such a high glucose concentration. Therefore, we searched for individual clones from this engineered strain able to grow in the presence of high glucose concentrations. The strategy was quite simple since we firstly streaked HC42 onto YM agar plates containing 50 g l −1 of glucose. After 1 week, individual clones were transferred to plates with the same medium. Seven days later, the 50 g l −1 glucose adapted clone was streaked onto YM agar plates containing 100 g l −1 of glucose. After two further transfers onto the same agar plates, several individual clones were picked and cultivated in liquid media in the presence of 100 g l −1 of glucose. One of them, showing the fastest growth in these conditions, and termed FH100, was streaked onto an YM agar plate containing 200 g l −1 of glucose and incubated for a week.
After two more transfers into the same medium (7 days of incubation before transfer), individual clones were cultivated in liquid medium with 200 g l −1 of glucose. The strain obtained was called FH200. At higher glucose concentration, the selected FH200 clone could weakly grow on agar plates containing 400 g l −1 glucose, but not on liquid media with the same glucose concentration.
Glycerol production by non-adapted and adapted S. cerevisiae to high glucose concentration
As a first step in setting up the fermentation condition for glycerol production, we evaluated the effects of agitation rate (150 and 300 rpm), aeration flow (0.5, 0.1, and 1.5 vvm), and pH (4.0, 5.0, and 6.5) on various macrokinetic parameters including rate and yield of glycerol production, using the metabolically engineered strain HC42 cultivated in SD medium with 20 g l −1 of glucose at 30°C. As indicated in Table 1 , at an agitation rate of 150 rpm, none of these culture conditions affected the final glycerol yield, and only slight effects of pH and aeration rate were noticed on ethanol and acetate yields. However, increasing the agitation rate to 300 rpm resulted in a dramatic reduction of the glucose consumption rate, and hence increased by 3.5-fold, the cultivation time for complete sugar fermentation, although final yield of glycerol was not impaired. Similar results were obtained with the adapted strain FH100, yielding after 40 h of cultivation 0.48 g glycerol produced per gram glucose (data not shown).
Based on the results attained with the strain HC42 at low glucose concentrations, an aeration rate of 0.5 vvm, an agitation rate of 150 rpm, and a pH of 6.5 were chosen to test for glycerol production by FH100 and FH200 at high glucose concentrations (Figs. 1 and 2 ). As expected, glycerol was the major fermentation end-product, as it was for strain HC42, yielding 0.47 g g −1 of glucose for FH100 and 0.40 g g −1 of glucose for FH200, likely because this strain was unable to consume all the glucose in the medium. Ethanol, acetate, succinate, acetoin, and acetaldehyde were also found among cultivation end-products. The biomass produced by the strain FH100 (1.1 g l −1 ) was almost the same as the value reached by the strain FH200 (1.3 g l −1 ). The growth rate was higher for strain FH100 than for FH200, reaching 0.11 and 0.08 h −1 , respectively. A fed-batch culture of FH100 did not result in an improved glycerol production (data not shown). To conclude, S. cerevisiae FH100 and FH200 could be cultivated on 100 and 200 g l −1 glucose leading to a fivefold increase of final glycerol concentration.
Cultivation of S. cerevisiae strains HC42 and FH100 on molasses media
Strains HC42 and FH100 were also cultivated on sugar cane molasses media, using the same aeration flow, agitation rate, and pH conditions than cultures on SD media. As for cultivation on SD medium, glycerol was the major fermentation end-product ( Table 2 ). The strain S. cerevisiae FH100 seemed to grow better on 10% molasses (56.2 g l −1 TS). The growth rate (0.13 h −1
) and the biomass concentration (2.2 g l −1 ) were higher at this molasses concentration and decreased when higher sugar concentrations were used (growth rate 0.10 h −1 and biomass concentration of 1.3 g l −1 ). The strain HC42 grew slightly better on molasses medium than in SD medium, with a biomass production of 2.48 g l −1 . The production of glycerol increased with the initial total sugars (TS) concentration, from 12.7 g l −1
, when the strain HC42 was cultivated on 5% molasses (27.6 g l of sugar. Other fermentation end-products were acetate and ethanol; succinate, acetoin (0.02 g g −1 TS), and acetaldehyde (0.01 g g −1 TS) were also detected in the final broth (data not shown).
1,3-Propanediol production on yeast broths
Production of 1,3-propanediol was assayed by inoculating C. acetobutylicum DG1 (pSPD5) in yeast fermentation broth that contained glycerol obtained from glucose or sugar cane molasses conversion. Various initial concentrations of carbon sources, originating broths with different glycerol concentrations, were tested. C. acetobutylicum was able to grow on the cultures broths from glucose or from sugar cane molasses without any prior medium treatment, except for degassing with sterile O 2 -free nitrogen. For low initial sugar concentrations, 22 g l −1 of glucose and 27.6 g l −1 of molasses TS, i.e., 13.4 and 14 g l −1 of glycerol, respectively, results were similar (Table 3) used in the first step, an inhibitory effect on bacteria's growth was found for molasses broth, and a considerable residual glycerol concentration was observed in the medium.
Discussion
In order to implement a two-step process for 1,3-propanediol production from glucose using at the first step, a metabolic Results are the mean values ± standard deviation from at least four determinations μ max maximum specific growth rate (h −1 ; slope of the least squares regression line of the natural logarithm of optical density vs. time data during the exponential growth phase), r glucose maximum volumetric glucose uptake rate (g l −1 h −1 ), nd not detected engineered yeast for glycerol production followed by an engineered Clostridium strain to convert it to 1,3-PD, we had to solve two major issues. A first one was to optimize the conditions for maximal glycerol production from high sugar concentration and the second one was to verify whether conversion of glycerol to 1,3-PD was possible by direct inoculation of the bacterial strain in the fermentation broth. With respect to the first issue, we found that the major parameter that could impair efficient fermentation of glucose into glycerol was the agitation rate. It is known that agitation rate favors oxygen supply to the cells, and in this study, this can be the cause of the low glucose uptake rate and the 3.5-fold increase of cultivation time, when the agitation rate was 300 rpm. Increasing aeration rate resulted in a slight enhancement of biomass production that was accompanied by a reduction of the glucose uptake rate and of ethanol and acetate yields. This indicates that oxygen was more available to cells to stimulate the aerobic metabolism resulting in higher ATP availability for biomass production. These results are reminiscent to the so-called Pasteur effect (aerobic inhibition of glycolysis) (Lloyd et al. 1983 ). In S. cerevisiae, the Pasteur effect is especially effective under slow growth condition, as upon nitrogen limitation (Lagunas et al. 1982) . Interestingly, this glycerol-engineered S. cerevisiae mutant strain exhibits a growth rate twofold lower than the wild-type and hence its global physiology can be more sensitive to oxygen availability than the isogenic wild type. The use of high sugar concentrations in the cultivation medium was an obvious choice to enhance the production of glycerol. However, glycerol-engineered S. cerevisiae HC42 was found unable to grow in the presence of more than 20 g l −1 of glucose. By selecting spontaneous clones able to grow on 100 and 200 g l −1 glucose, we isolated adapted strains that were able to grow in sugar medium containing up to 200 g l −1 glucose. Yeast strains HC42 and FH100 were able to grow in sugar cane molasses, but only FH100 was able to grow on 20% molasses w/v, which contained up to 100 g l −1 TS. This adapted strain showed Glucose (g/L)
Time (h) Fig. 1 S. cerevisiae FH100 batch cultivation in SD medium with 100 g l −1 glucose, at pH 6.5, 30°C, 150 rpm and 0.5 vvm. Glucose (filled square), ethanol (filled circle), acetate (filled triangle), succinate (filled diamond), biomass (empty circle), glycerol (empty square), acetoin (empty diamond), acetaldehyde (empty triangle) reduced growth rate only at high sugar concentration either because of the high osmotic pressure of these media or because of an inhibitory effect due to some by-products, that can be acetaldehyde, since the amount of acetaldehyde in these culture conditions could reach up to 0.6-1.0 g l −1 .
This concentration is within the range showed to exert inhibition (Heux et al. 2006; Remize et al. 1999 Remize et al. , 2001 . In a previous work with S. cerevisiae, the increase in molasses concentration resulted in a significant decrease of growth rate, biomass yield, and ethanol productivity, although with a higher range of concentrations tested (from 96.7 till 323.5 g l −1 ) (Atiyeh and Duvnjak 2003) .
For the second issue, we found that direct inoculation of an engineered strain of C. acetobutylicum DG1 (pSPD5) into the culture broth successfully converted glycerol previously produced by yeast into 1,3-PD. This required only the degassing of the medium by sparging sterile O 2 -free nitrogen for several hours to assure the strict anaerobic conditions needed for C. acetobutylicum growth. However, the process only operated efficiently using a synthetic growth medium with 20 or 100 g glucose per liter, or a molasses medium with up to 56.2 g l −1 of sugar, but not on medium with higher concentrations of sugar molasses. In this latter situation, the rate of conversion of glycerol into 1,3-PD was strongly inhibited, suggesting the presence of inhibitors of C. acetobutylicum fermentation in sugar molasses. This can be due to high levels of salt as it was shown in a previous work using blackstrap molasses for the production of acetone and butanol by C. acetobutylicum; the presence of high level of salts in the molasses affected the microorganism's growth and the final product concentration (Fouad et al. 1982) . It is also described by Jiang et al. (2009) that molasses contain considerable amounts of metal ions like calcium, zinc, sodium, iron, magnesium, manganese, copper, etc., and also suspended colloids that can cause critical problems during fermentation as they can impair microorganism's growth, influence substrate pH, and are involved in the inactivation of enzymes associated with product biosynthesis. Furthermore, melanoidins and other pigments present in molasses, which are toxic and hardly decomposed compounds (Chandra et al. 2008) , may also affect glycerol conversion to 1,3-PD by C. acetobutylicum. C. butyricum was able to ferment glycerol from different industrial sources with high efficiency; a 1,3-PD yield of 0.49 g g −1 was obtained on glycerol coming from concentrated wine stillage and no significant inhibitory effect on cells' growth was noticed; moreover, 63.4 g l −1 of 1,3-PD were achieved on glycerol issued from industrial ester production (Barbirato et al. 1998) .
In the present work, best results were obtained with an initial glucose concentration of 103 g l , in a batch fermentation of 90 g l −1
of raw glycerol by C. butyricum F2b. In chemostat cultures, the same strain was able to produce 48 g l −1 of 1,3-PD from raw glycerol, with similar yield and a volumetric productivity of 0.96 g l −1 h −1
; 1,3-PD global productivity was improved to 3.4 g l −1 h −1 in a two-stage steady-state continuous fermentation of raw glycerol and the 1,3-PD concentration remained at 41-46 g l −1 (Papanikolaou et al. 2000) . The two-stage continuous culture strategy was also applied by Boenigk et al. (1993) to the conversion of commercial glycerol to 1,3-PD by C. freundii DSM 30040, reaching a final concentration of 41 g l −1 and a global productivity of 1.38 g l −1 h −1
. These productivity values are higher than those obtained with the novel two-step process used in this work.
In a previous work, where K. pneumoniae was directly inoculated onto yeast broth in batch cultivation, Cheng et al. (2006) described a two-step batch process for 1,3-PD production from glucose. In this case, K. pneumoniae was directly inoculated onto E. coli glycerol broth to obtain 14.1 g l −1
1,3-PD with a yield of 0.53 g g −1 of glycerol and a productivity of 2.0 g l −1 h −1 . The overall 1,3-PD yield from glucose in the two-step process was 0.17 g g −1 . Taken together, the overall yield obtained in our work was higher than those previously published using a twostep process, either on glucose or molasses broth, reaching up to 0.24-0.26 g g −1 respectively, but the productivity was lower. The bacterial strain used in this work may be too sensitive to inhibitors present in molasses broth. A treatment like sulphuric acid treatment method should be implemented to remove heavy metals from molasses. Another concern related to molasses use is that molasses and molasses wastewater contain high concentration of organic matters and a large amount of dark pigments such as melanoidins (Chandra et al. 2008; Sirianuntapiboon and Prasertsong 2008) . These colored substances are hardly decomposed or decolorized by bio-sludge of both conventional aerobic and anaerobic wastewater treatment systems such as the activated sludge system or anaerobic contact digestion, although some bacterial treatments have been investigated (Chandra et al. 2008; Kumar and Chandra 2006; Sirianuntapiboon and Prasertsong 2008; Tondee and Sirianuntapiboon 2008) . This issue must be considered when molasses are used as raw material.
The strategy followed in this work showed the possibility of using renewable feedstocks as carbon sources for the production of 1,3-PD. The fact that two steps were developed, using genetically modified strains of S. cerevisiae for the conversion of sugar into glycerol and of C. acetobutylicum for the production of 1,3-PD from glycerol, turns it to be a flexible process that still requires optimization. It is possible to choose operating either on sugar or glycerol feedstocks, which is a very suitable characteristic in our days, due to fluctuations of the market prices of substrates.
